Abstract-Modelling High Temperature Superconductor (HTS) motors remains challenging mainly due to the high aspect ratio of these conductors but also because of the properties of the magnetic materials. This paper presents a 2D time dependent model to assess the AC losses of superconducting motors based on the new T-A formulation, which by using Finite Element Methods (FEM), allows its implementation in commercial software. The T-A formulation computes the magnetic flux density, B with different Maxwell's equations depending on the areas of the motor and makes it possible to use the thin strip approximation i.e. the HTS tapes are modelled as infinitely thin lines. The model is then expected to tackle the high aspect ratio of the HTS as well as decreasing both the mesh complexity and the computing time. In this paper, the method is applied in 2D to assess the AC losses of a specific synchronous motor called SUTOR with HTS stator windings and permanent magnets in the rotor. In order to validate the model, the computed results are compared to those evaluated using the MEMEP method.
I. INTRODUCTION
HE recent and continuous improvements of REBCO coated conductors (CC) [1] consistently increase their interest for electric power applications, such as energy storages (SMES) [2] , cables [3] , fault current limiters [4] , high field magnets [5] , [6] , accelerators [7] and machinery [8] .
More particularly, the high current density under high field of the High Temperature Superconductors (HTS) at low temperature [9] , [10] is a promise for electrical machines to reach higher power densities by operating with higher currents and/or magnetic flux densities [11] . HTS machines are then expected to show both a reduction in size and weight compared to conventional ones, enhancing their attractiveness for embedded applications such as ship and aircraft propulsion for which compactness and lightweight are of paramount importance [12] .
Even DC, their AC losses have to be investigated as they will increase the cooling system and so decrease the overall efficiency of the machine. Nevertheless, modelling superconducting machines remains challenging and time consuming mainly due to the high aspect ratio of the HTS but also because of the properties of the magnetic materials present in electrical machines.
Recently, a hybrid model using the A-and H-formulations for modelling superconducting electrical machines has been proposed [13] . It is based on the idea of separating the model of an electrical machine in two parts, where the magnetic field is calculated with the most appropriate formulations: the Hformulation in the part containing the superconductors, because it handles well their non-linear electrical resistivity; and the A-formulation in the part containing other materials, because it handles well conventional conductors and permanent magnets. The main challenge is to determine and to correctly apply the continuity conditions on the boundary separating the two regions. Depending on the location of such boundary -in the fixed or rotating part of the machine -the conditions that one needs to apply are different. This paper presents a new 2D time dependent model developed to tackle the challenges of modelling superconducting machines with coils made of HTS coated conductor and assess their AC losses within the same model, with a much simpler exchange of variables between the superconducting and non-superconducting parts. The model is entirely computed using Finite Element Method (FEM), which allows its whole implementation in commercial software, here COMSOL Multiphysics. It is based on the T-A formulation of Maxwell's equations, introduced by H. Zhang et al. in [14] , which is briefly recapped in the first part of the paper alongside its governing equations. The model is then applied to simulate a superconducting motor, presented in [15] , and to evaluate its AC losses. Eventually, the results are given and compared to those assessed in [16] by E. Pardo et al., using the Minimum Electro-Magnetic Entropy Production (MEMEP) method [17] to model superconductors combined with conventional static FEM for the overall motor. This method is applied on the same geometry and the comparison of the results assessed with the two different methods allows validating the use of the T-A formulation on 2D motor models.
II. MODEL DESCRIPTION
The T-A formulation was introduced by H. Zhang et al. in [14] , where the model was validated in the case of a thin disc
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Tara Benkel, Yingzhen Liu, Enric Pardo, Simon Wolfstädter, Thomas Reis, Francesco Grilli T magnetization by comparing the assessed results to the analytical ones. The model was also validated for a large number of HTS tapes against the well-established Hformulation in [18] and it has already been applied on stacks of REBCO coated conductors, coils [18] and HTS cables such as Conductors on Round Core (CORC) and Twisted StackedTape Conductors (TSTC) [19] .
A. T-A formulation
As suggested by its name, the T-A formulation requires the implementation of both the A and the T formulations. The current density J, defined as an input, allows to assess the magnetic flux density, B, using two of Maxwell's equations depending on the areas of the motor. In the nonsuperconducting region, B is computed by evaluating the state variable A, the magnetic vector potential, using the Maxwell Ampere law (1) .
In the superconducting region, B is evaluated by solving the state variable T, which is the current vector potential related to J by definition (2).
In (2), n is the local vector normal to the tape. The electric field, E is thereafter computed using the E-J power-law (3) as in the definition of the HTS behaviour.
In (3), E0 is the arbitrary electric field threshold which is usually chosen to be 10 -4 Vm -1 [20] and Jc the critical current density which can be chosen to be either constant (as in this work) or depending on the magnetic field density.
Eventually, knowing the electric field E, B is computed using Faraday's law (4).
B. Thin strip approximation
Moreover, as long lengths of REBCO are only provided in a tape shape, the assumption can be made that the magnetic field density on the thickness of the conductor is homogeneous. The HTS tape is then modelled as an infinitely thin line, as illustrated in Figure 1 . This approximation was first used to study the Eddy currents on thin plates [21] , [22] and has been successfully applied on HTS in 2D [23] and 3D [24] , [25] , [26] . The T-formulation makes it possible to use this hypothesis, as shown both in 2D [18] and 3D [14] . Therefore, the present model is expected to decrease both the mesh complexity and the computing time. 
III. APPLICATION OF THE METHOD
The T-A formulation is applied on a 3-phase superconducting torque motor (SUTOR), which is a synchronous motor with permanent magnets in the rotor and whose stator windings are wound with REBCO tapes. The main characteristics of the motor are summarized in Table I and more information is given in [15] . The geometry of the SUTOR motor is illustrated in Figure  2 , which also shows a typical distribution of the magnetic flux density on the motor's cross-section. In the analysis that follows in the paper, the focus is on the two half-coils squared by a dashed red line, where the top half-coil and the bottom half-coil are respectively named HC6 and HC7. The field distribution illustrated in Figure 2 is computed when HC7 carries its maximal amplitude of current. In the following, this time is identified as ts. 
A. Application to the SUTOR motor
For the SUTOR motor study, only the stator windings are made of REBCO, which are submitted to an alternative magnetic field while an AC current is passing through them. This causes AC losses in the windings, which need to be evaluated.
In COMSOL, the non-superconducting region is solved using the AC/DC module with Ampere law nodes, which can be computed by either 1 st or 2 nd order elements. In the meantime, the superconducting regions, i.e. the stator windings, are solved using Partial Differential Equation (PDE) nodes in which the Faraday law is implemented for the model, working with 1 st order elements. More details about the choice of the order of the elements is available in [27] .
B. Results and validation of the model
The model allows calculating the current distribution inside the conductor of each half-coil to assess the AC losses. The trends of the current distribution are given for HC6 and HC7 respectively in Figure 3 and Figure 4 at ts, where the ratio of the current density over the critical current density, J/Jc is plotted on each tape for each half-coil.
For each figure, the current distributions are evaluated with the T-A formulation and the MEMEP method. In this configuration, the critical current Ic of the conductor is chosen to be twice the peak current passing through the conductor, i.e. 91.92 A. Ic is considered constant, i.e. the field dependence of Ic is neglected. The factor of the power law n is 30, also considered constant.
When the T-A formulation is used, the conductors are modeled as a line and are enlarged in the graphs for visual purpose. In the simulation, only those two HTS half-coils are computed with the T-formulation and the other stator windings are simulated as copper blocks. In Figure 3 , the half-coil is plotted vertically even if it is not in the global view of the cross section of the motor, Figure 2 , only for visual purpose.
The trends of the current distribution assessed with the two different methods show very good agreement for both halfcoils. For a better comparison, the relative error (in %) of the values assessed using the T-A formulation with respect to those computed with the MEMEP method is shown in Figure  5 In this error definition, we use Jc at the denominator instead of JMEMEP to avoid singularities at JMEMEP = 0. Moreover, for all significant quantities calculated from J, such as local electric field, AC losses, generated B and magnetic moment, the relevant quantity is the error relative to Jc, or the average |J| for very low current penetration.
In general, the error is only of a few %. The highest errors are in very thin sectors, at the limit between the regions with high and low current (see Figure 3 and Figure 4 for reference).
In those regions, the current front is very sharp and a small difference in the position of the front in the two models creates a large error. Since these errors are limited to extremely thin regions, they have no practical consequence for the computation of quantities like the AC losses.
The use of the T-A formulation to model the motor show good results concerning the current distributions over the tapes, which allow to evaluate the AC losses and compare them to those assessed with the MEMEP. In Figure 6 , the AC losses are evaluated in the stator on one cycle for different critical currents, from the value of the peak current passing through the conductor to twenty times this value. The critical current and n are also considered constant in these calculations. The AC losses computed by the two methods show similar results. The difference on the results calculated using the T-A formulation compared to those assessed with the MEMEP method is around 5.6 % with a maximum lower than 10 %, which confirm the previous conclusion on the current distributions.
The study of the same motor by the T-A formulation and using the MEMEP method and the good results of their result comparison allow to validate that the T-A formulation is promising to study all kind of superconducting motors using a commercial software. The main advantage of this approach is that the simulation of the whole electrical machine and the calculation of the losses in the windings can be done within the same model. The computation times are also very reasonable: the simulation of 3 cycles typically takes one or a few hours at most on an i7-4800MQ CPU, 2.70GHz laptop computer.
IV. CONCLUSION AND FURTHER WORK
The T-A formulation has already shown good results for several HTS large scale applications such as for the study of stacks of conductors, high field magnets and cables.
In this paper, the T-A formulation is applied to simulate a motor and assess its AC losses. The results are compared with those computed with the MEMEP method and show very good agreement for both the trend of the current distributions inside the coils as well as the AC losses over a cycle. As the T-A formulation is implemented using FEM, this is also the promise of the use of commercial software to easily study AC losses of superconducting motors. Moreover, many features could be added in a near future such as the field dependence and anisotropy of the transport properties of HTS coated conductors.
